Freshwater organisms with an amphidromous life cycle are generally thought to disperse widely through marine planktonic larval stages, but only few studies on genetic population structure of amphidromous shrimp exist. We used a 640-basepair region of the mitochondrial gene cytochrome c oxidase I (Cox1) from the amphidromous river shrimp Cryphiops caementarius from five rivers in northern-central Chile to test whether large distances between estuaries (up to 700 km) limit gene flow between populations and result in genetic differentiation among populations. The results revealed high haplotype diversity with no significant geographical structuring, suggesting that gene flow occurs regularly over several hundreds of kilometres, also connecting populations north and south of the Atacama Desert. Seemingly, the terrestrial barrier is overcome by planktonic larval dispersal through the sea, suggesting wide dispersal rather than ''stepping-stone'' dispersal between estuaries. The population from the southern limit of the geographic distribution of C. caementarius (Río Limari) revealed some weak differentiation in pairwise W ST comparisons, but larger sample sizes are necessary to confirm this. Additional studies are needed for a better understanding of factors that promote different life histories, like marine planktonic dispersal, larval retention in estuaries, or an amphidromous-freshwater transition towards a purely freshwater life cycle.
INTRODUCTION
Freshwater organisms of some animal taxa (fish, crustaceans, gastropods) show an amphidromous life history, which is characterized by reproduction in freshwater and release of planktonic larvae that are transported into the sea and return to freshwater habitats as juveniles (McDowall, 2007) . Such a life cycle can have considerable consequences for larval dispersal, gene flow, and genetic population structure. A previous study has shown that planktonic larvae of amphidromous organisms disperse widely, resulting in a genetically homogenous population structure (Cook et al., 2008) . Traditionally, amphidromous and estuarine organisms have been considered to be less genetically structured than pure freshwater organisms, but more structured than marine organisms (Keenan, 1994) . However, recent findings suggest that genetic differentiation may be common in marine organisms (Hohenlohe, 2004; Patarnello et al., 2007; Ragionieri et al., 2009) , which may also hold true for amphidromous shrimp with marine planktonic larvae. Both larval retention and environmental dispersal barriers that favour genetic differentiation among populations may cause restricted gene flow between estuaries.
The amphidromous shrimp Cryphiops caementarius (Molina, 1782 ) is a ''vulnerable to critically endangered'' shrimp species inhabiting the rivers from southern Peru to northern-central Chile (Bahamonde et al., 1998) . The economic importance of C. caementarius for local fisheries is considerable, which has prompted recent attempts in restocking programs and the building up of small aquaculture efforts (Meruane et al., 2006) . In this context, it is important to know whether populations are genetically homogenous or differentiated, since translocation of shrimps between genetically differentiated populations may cause the extinction of local genotypes (Hughes et al., 2003) .
For reproduction, ovigerous females migrate downstream to the estuaries (Hartmann, 1958) . Larval development is optimal at salinities around 30%, and larvae have been sampled in the sea, indicating that marine planktonic dispersal occurs at least occasionally (Rivera et al., 1987 ). An extremely extended larval development over 18 zoeal stages (Meruane et al., 2006) , which may last up to 220 days in the laboratory (Rivera et al., 1987) , might allow long-distance dispersal along the coast of Chile. However, distances between estuaries are very large in the Atacama region (300-700 km), and some smaller estuaries are connected to the sea only during Austral winter. Moreover, neither strong oceanic currents nor a prolonged larval development guarantee wide dispersal and gene flow (Knowlton and Keller, 1986) , and environmental dispersal limits for marine planktonic larvae seem to be more common than previously thought (Hohenlohe, 2004; Reuschel et al., 2010) . It is thus possible that C. caementarius might show larval retention in estuaries, especially when layered estuarine conditions provide salinities high enough for larval development (Meruane et al., 2006) . Herein, we aim to answer the question whether the genetic population structure of C. caementarius JOURNAL OF CRUSTACEAN BIOLOGY, 30(4): 762-766, 2010 reflects wide marine dispersal or limited gene flow due to possible environmental dispersal barriers and larval retention in estuaries.
MATERIALS AND METHODS

Collection of Shrimp and Genetic Analysis
Shrimp specimens were obtained in rivers from northern-central Chile between 18.24uS and 30.43uS, specifically from Río Lluta (n 5 9), Quebrada Camarones (n 5 11), Río Loa (n 5 10), Río Elqui (n 5 13) and Río Limari (n 5 5) (Fig. 1 ). All collected shrimps were frozen and preserved in 95% ETOH. Extractions of genomic DNA were obtained from either abdominal or pleopod muscle tissue using the Puregene kit (Gentra Systems). We amplified a 658-basepair fragment of the cytochrome c oxidase subunit I gene (Cox1) by polymerase chain reaction (PCR) (40 cycles; 45 sec 94u/1 min 48u/1 min 72u denaturing/annealing/ extension temperatures). As a primer combination we used specific decapod primers COL6b (59-AGATAGAAACCAACCTGG-39) and COH6 (59TADACTTCDGGRTGDCCAAARAAYCA-39) (see Schubart and Huber, 2006) . The PCR products were purified with Quick Clean (Bioline), cycle-sequenced (Big Dye TerminatorH v 1.1 Cycle Sequencing Kit; Applied Biosystems), precipitated with ethanol, re-suspended in water and analysed with the ABI BigDye terminator mix in an ABI Prism automated sequencer (ABI Prism TM 310 Genetic Analyzer; Applied Biosystems). Sequence proofreading was conducted with the program ABI Sequencing AnalysisH 3.4 (Applied Biosystems), and alignments were carried out with ClustalX version 2.0.11 (Larkin et al., 2007) . Sequences of all haplotypes were deposited at the European genetic database (EMBL) under the accession numbers FN668959 to FN669001.
Data Analysis
Phylogenetic trees were built in PHYLIP 3.66 (Felsenstein, 2005) with both parsimony and maximum-likelihood methods, by using Palaemon elegans Rathke, 1837 as out-group, and compared to an unrooted tree. Statistical support for the unrooted tree was obtained by bootstrapping 1000 times with the PHYLIP subprograms SEQBOOT, NEIGHBOR and CONSENSE. The best-fitting model of nucleotide substitution was estimated with the software jModelTest version 0.1.1 (Posada, 2008) , resulting in a K80 + I model selected by BIC, which was subsequently chosen for a maximum likelihood (ML) search with PhyML 3.0 (Guindon and Gascuel, 2003) .
A haplotype network under statistical parsimony was constructed with TCS 1.21 (Clement et al., 2000) , and a hierarchical analysis of molecular variance (AMOVA) was performed in Arlequin 2.000 (Schneider et al., 2000) in order to estimate population subdivision between the five sampled subpopulations of C. caementarius. A second AMOVA was conducted to test for differentiation between populations sampled to the Fig. 1 . Sampling locations of Cryphiops caementarius in northern-central Chile and minimum parsimony haplotype network (TCS) for 43 haplotypes in 48 individuals of the river shrimp Cryphiops caementarius from the rivers Lluta (Llu, light grey shading), Quebrada Camarones (Que, dark grey shading), Loa (Loa, black shading), Elqui (Elq, white shading) and Limari (Lim, dashed shading). Each substitution separating two haplotypes is indicated by a black line, additional substitutions by small circles.
north and the south of the Atacama Desert, which are separated by . 1000 kilometres between the rivers Elqui and Loa. Haplotype diversity (h) and nucleotide diversity (p) within each population was estimated with Arlequin.
RESULTS
Neither phylogenetic trees (not shown) nor the haplotype network ( Fig. 1) revealed clear genetic structuring, with 43 different haplotypes in 48 individuals distributed over the five populations. The AMOVA (based on 640 basepairs excluding primers) on five populations showed a mean value of overall W ST of 0.01775 (Table 1) . Variation was to 98.23% within populations, while variation between populations was 1.77%. The pairwise W ST values were low and only significant between the river pairs LimariElqui and Limari -Quebrada Camarones ( Table 2 ). The genetic heterogeneity revealed high haplotype and low nucleotide diversity indices (Table 3) .
To test the original hypothesis of differentiation between populations north and south of the Atacama Desert, all samples were subdivided into two groups: the variation among the northern and southern group was not measurable, and the overall low W ST -values were not significant (AMOVA, P . 0.5) ( Table 1) .
DISCUSSION
The high diversity of haplotypes combined with the lack of apparent geographic structure suggests wide marine dispersal along the coast of northern-central Chile, similar to what has been found for amphidromous shrimp on an oceanic island (Cook et al., 2008) . Hence, neither behavioral retention mechanisms nor environmental constraints on dispersal seem to limit genetic connectivity of some amphidromous river shrimp populations over a large coastal area. Low but significant pairwise W ST values indicate weak differentiation of the Limari population, which is close to the southern limit of the distribution range of C. caementarius, and falls within a widely discussed biogeographic transition zone around 30-33uS (Tellier et al., 2009 ). Here, both local oceanographic dispersal limits (Tellier et al., 2009 ) as well as increased genetic drift within an edge population (Sexton et al., 2009 ) might cause genetic differentiation, which needs to be investigated in future studies with a larger sample size for the population from the Limari and adjacent rivers.
A recent alongshore larval dispersal model for a 200 km coastal transect in central Chile (32.5uS to 34.5uS) suggests that within 30 days of dispersal, the majority of larvae settle within 20 km from the source, and only very few larvae disperse more than 50 km along the shore (Aiken et al., 2007) . In the case of C. caementarius, with a maximum larval duration of 220 days (Rivera et al., 1987) dispersal distances of 95 km per 30 days would be required to cover the approximately 700 km between the estuaries of Río Loa and Río Copiapo. Large dispersal distances in this upwelling region may be related to strong alongshore currents (Humboldt Current System) and are presumably highly variable in time and space (Aiken et al., 2007) . Besides naturally occurring dispersal events, humanmediated translocations of shrimp between rivers for recolonization purposes might also have contributed to the absence of geographical structuring of haplotypes in this region. However, wide dispersal of marine planktonic larvae is also suggested by population genetic studies on marine organisms, which have found genetic homogeneity over large scales (. 1000 km) in northern-central Chile (Gomez-Uchida et al., 2003) .
Similar to C. caementarius, other amphidromous shrimp have been reported to be genetically homogenous over a large area due to wide planktonic dispersal (Mashiko and Numachi, 2000; Cook et al., 2008) . In general, there is little evidence for genetically differentiated populations in amphidromous shrimp. Covich (2006) refers to Mashiko and Numachi (1993) and Fievet and Eppe (2002) as examples of genetically differentiated amphidromous shrimp populations. However, Mashiko and Numachi (1993) reported genetic differentiation only within a single river system of Macrobrachium nipponense (de Haan, 1849), a species (complex) that has been shown to be genetically homogenous among its estuarine populations (see Mashiko and Numachi, 2000) . On the other hand, Fievet and Eppe (2002) reported high dispersal and mixing of alleles among six out of seven populations in Atya innocuous (Herbst, 1792) , while the most distant seventh population is suggested to present a genetically distinct subspecies. Moreover, populations of A. innocuous have been shown to be genetically homogenous (Cook et al., 2008) . It must be considered, though, that in rare cases the same species may have populations with both purely freshwater and an amphidromous life cycle, resulting in either genetically structured or homogenous populations, e.g., Paratya australiensis Kemp, 1917 (see Cook et al., 2006 ; Macrobrachium amazonicum (Heller, 1862) , [Klaus Anger, personal communication] . To our present knowledge, genetic differentiation among populations of amphidromous shrimp is rare or only weakly expressed over large scales (. 1000 km) (Page and Hughes, 2007) . If present, genetic population differentiation should be expected near the limits of the geographic distribution of these species. We cannot rule out that also C. caementarius shows weak differentiation over its entire geographic range, which stretches from 33uS in Chile to 6uS in Peru, and we suggest that future studies on amphidromous shrimp should be conducted on large geographical scales. Moreover, the use of mitochondrial DNA as a marker may not be sufficient to detect shallow genetic population structuring, and future studies should also include nuclear microsatellite markers (Ballard and Whitlock, 2004) . In general, genetic differentiation may be absent or only weak in most amphidromous shrimp because wide dispersal is a relevant part of their life cycle and they may follow a generalist dispersal (r) strategy aiming for colonization of a maximum of river systems.
